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Abstract: 22
Somitogenesis starts with cyclic waves of expression of segmentation clock genes in the presomitic 23 mesoderm (PSM) and culminates with periodic budding of somites in its anterior-most region. How 24 cyclic clock gene expression is translated into timely morphological somite formation has 25 remained unclear. A posterior to anterior gradient of increasing PSM tissue cohesion correlates 26 with increasing fibronectin matrix complexity around the PSM, suggesting that fibronectin-27 dependent tissue mechanics may be involved in this transition. Here we address whether the 28 mechanical properties of the PSM tissue play a role in regulating the pathway leading to cleft 29 formation in the anterior PSM. We first interfered with cytoskeletal contractility in the chick PSM 30 by disrupting actomyosin-mediated contractility directly or via Rho-associated protein kinase 31 function. Then we perturbed fibronectin matrix accumulation around the PSM tissue by blocking 32 integrin-fibronectin binding or fibronectin matrix assembly. All four treatments perturbed hairy1 However, whether the mechanical properties of the PSM tissue play a role in the slowing down of 94 segmentation clock oscillations and their conversion into segments remains unknown. 95
In this study, we addressed the involvement of PSM tissue mechanics in the regulation of 96 both segmentation clock gene expression dynamics and subsequent somite formation using the 97 chick embryo as a model. First, we experimentally perturbed actomyosin contractility by blocking 98 either NM II ATPase activity or Rho-associated protein kinase (ROCK). We then addressed the role 99 of the fibronectin matrix surrounding the PSM by blocking integrin-fibronectin binding through 100 RGD or by perturbing extracellular fibronectin fibrillogenesis. We found that each one of the four 7 140 
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We next turned our attention to SII and SIII somites after 6 hours of culture. These were 213 at stage S-II and S-I in the PSM, respectively (regions c and b in Figure 1 Altogether, our data indicate that intracellular actomyosin contractility plays a role in 238 periodic somite cleft formation, and that ROCK I/II-independent NM II activity is essential for 239 (Figure 7 B e, h, i, l) which was maintained as the somites matured ( Figure  360 7 B q, u, t, x). Nevertheless, these somites were abnormal in shape and appeared smaller in 361 severely affected embryos (Figure 7 B, i-I, u, x) . In fact, the SI of the electroporated sides of 70kDa-362 treated embryos were significantly smaller in width than those of the contralateral control, while 363 SV was significantly shorter in length (n=151; Supplementary Figure 7) . In addition to defects in 364 somite morphology, the ectoderm and endoderm were separated from the paraxial mesoderm in 365 70kDa-electroporated embryos, indicating that their fibronectin matrix was insufficient to hold 366 these tissues together (brackets in Figure 7 It is well established that Notch signaling plays a role in the segmentation clock and is also 413 required for timely meso1 activation (Saga, 2012) . Hence, the mechanical environment may be 414 regulating Notch signaling in the PSM. In agreement with our results, chicken embryos 415 electroporated with RNAi constructs against integrin β1 showed alterations in hairy2, lfng and 416 Thus, the first step of morphological somite formation is affected but the second step is not. In 460 23 contrast, Blebbistatin-treated explants not only have the defects listed above, but cells that had 461 already upregulated meso1 before the addition of the drug and formed an incipient cleft during 462 culture, were completely unable to epithelialize. In fact, Blebbistatin-treated explants formed only 463 1 or 2 somites, and their cells did not acquire the elongated, spindle-shape typical of SI and SII 464 somites. Hence, Blebbistatin affects both steps of morphological somite formation. 465
MET. 240
RockOut targets NM II activity indirectly by inhibiting ROCK I and II, two of the kinases that 466 activate NM II (Newell-Litwa et al., 2015) . In contrast, Blebbistatin directly targets the NM II 467
ATPase. Our results thus raise the possibility that the acquisition of the spindle-shaped 468 morphology of cells may be dependent on another NM II activator. Interestingly, Ca ++ /calmodulin 469 signaling can activate NM II and inhibiting calmodulin was shown to block the acquisition of this 470 morphology during chick somitogenesis (Chernoff and Hilfer, 1982) . marks the region where PSM cells become competent for somite formation (Hubaud and 478 Pourquié, 2014) . Rostral to the wavefront, segmentation clock oscillations progressively slow 479 down until they reach a halt and cells become part of a somite (Palmeirim et al., 1997) . 480
Herein, we propose a model (Figure 8 C) where a posterior to anterior gradient of 481 fibronectin-dependent tissue cohesion is interpreted by the PSM cells as an increasing gradient of 482 mechanical tension (Figure 8 C) . We propose that the fibronectin-dependent tensional state of the 483 PSM at the level of the wavefront acts as a threshold that activates a mechanotransduction 484 signaling cascade, ensuring the correct spatio-temporal conversion of the cyclic expression of 485 segmentation clock genes into periodic meso1 expression, which in turn defines the next somitic 486 cleft (Figure 8 C) . In support of this hypothesis, a gradient of increasing paraxial mesoderm stiffness 487 from the tail to rostral somites has been identified in the chick embryo (Bénazéraf et were used as control for both drugs. The linear RGD peptide (GRGDS -G4391, Sigma) was diluted 533 in culture medium and used at 0.9 mM, while control explants were cultured in medium only. RGD 534 peptide efficiency was confirmed in a cell adhesion assay (Danen et al., 2002; Pierschbacher and 535 Ruoslahti, 1984) before using it on explants. 536 537 Embryo electroporation and ex ovo culture 538 HH4-5 embryos were electroporated on one (randomly selected) side of the primitive 539 streak in the presumptive PSM and/or ectoderm and cultured ex ovo using the Early Chick culture 540 27 method (Chapman et al., 2001) . The electroporation mixture contained plasmid DNA at 0.5-1 µg/µl 541 mixed with 0.4% Fast Green for visualization. Embryos were submerged in an electroporation 542 chamber filled with Tyrode's saline and three pulses of 6-9 V, 50 ms each, at 350 ms intervals were 543 applied. Control embryos were electroporated with pCAGGs containing a GFP reporter (pCAGGs-544 GFP; abbreviated pCAGGs). pCAGGs-70kDa qFN1 was kindly provided by Yuki Sato (Sato et al., 545 2017) and was co-electroporated with the pCAGGs-GFP plasmid in experimental embryos 546 (treatment abbreviated 70kDa). Electroporated embryos were screened for GFP after fixation to 547 select embryos with an intense signal on only one side to process for whole mount morphological 548 analysis, in situ hybridization experiments and transverse sectioning. For morphological analysis in 549 sagittal sections, the embryo side electroporated with pCAAGGs was compared to the 70kDa-550 electroporated side of other same stage embryos. 551 552 Cryosectioning and immunohistochemistry 553
Cryosectioning was performed on embryo explants and whole embryos fixed in 4% 554 paraformaldehyde in 0.12 M phosphate buffer containing 4% sucrose and processed for 555 cryoembedding. Fixed samples were washed in 0.12 M phosphate buffer with 4% and 15% sucrose 556 and then embedded in 7.5% gelatin in 0.12 M phosphate buffer containing 15% sucrose, frozen on 557 dry ice-chilled isopentane and stored at -80ºC until sectioning. Cryostat sections (10-30 µm) were 558 processed for immunofluorescence as previously described (Gomes de Almeida et al., 2016). 559 Permeabilization of sections was performed with 0.2% Triton-X100 in phosphate buffered saline 560 (PBS). 5% bovine serum albumen (BSA) or a combination of 1% BSA and 10% Normal Goat Serum 561 (NGS) in PBS were used for blocking depending on the presence or absence of anti-fibronectin 562 antibodies, respectively. Primary and secondary antibodies were diluted in 1% BSA in PBS. Sections 563 were incubated with primary antibodies overnight at 4ºC and with secondary antibodies for 1 hour 564 at room temperature. For whole-mount immunodetection, explants were fixed in 4% 565 paraformaldehyde in PBS and processed as previously described (Martins et al., 2009; Rifes and 566 
